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Abstract 
We produce 120 µm thick buckypapers from aligned carbon nanotubes. Transport characteristics 
evidence ohmic behavior in a wide temperature range, non linearity appearing in the current-voltage 
curves only close to 4.2 K. The temperature dependence of the conductance shows that transport is 
mostly due to thermal fluctuation induced tunneling, although to explain the whole temperature range 
from 4.2 K to 430 K a further linear contribution is necessary.  The field emission properties are 
measured by means of a nanocontrolled metallic tip acting as collector electrode to access local 
information about buckypaper properties from areas as small as 1 µm2. Emitted current up to 10-5A 
and turn-on field of about 140V/µm are recorded. Long operation, stability and robustness of emitters 
have been probed by field emission intensity monitoring for more than 12 hours at pressure of 10-6 
mbar. Finally, no tuning of the emitted current was observed for in plane applied currents in the 
buckypaper. 
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Introduction 
Since their discovery, carbon nanotubes (CNTs) [1] have been considered exceptional elements to 
realize field emission devices, due to their very high aspect ratio, excellent electrical conductivity and 
important mechanical strength. Nowadays, CNT based field emitters are used in vacuum electronics 
to produce electron sources [2], flat panels [3], X-ray sources [4,5], and microwave amplifiers [6], 
exploiting a low-threshold electric field and large emission current density. To increase the extracted 
current, CNT arrays are usually implemented [7,8] as free-standing well-aligned CNTs [9-11] or 
paper-like sheet of randomly oriented CNTs, named buckypaper [12,13].  
Several reports focus on oriented samples grown on particular substrates to improve the control on 
dimension and spacing of CNT emitters and to get stable emitted current [14-16]. However, growth 
of oriented nanostructures needs carefully controlled fabrication process. The development of 
3 
 
buckypaper field emitters is motivated by the extreme simplicity of fabrication process especially for 
large scale as well as ease to use. Buckypapers have a laminar structure with networks of CNTs held 
together by van der Waals forces. The CNTs are randomly oriented in the plane unless special 
techniques, as the application of electric and magnetic fields, are adopted [17] to obtain preferential 
alignment in one direction. The material results a good candidate for large scale emitters for the 
possibility to emit electrons from the whole length of the tubes [18]. Recently, buckypapers have been 
applied to develop supercapacitors [19,20], chemical sensors [21], flexible fibers [22] and actuators 
[23]. Enhancement of field emission in buckypaper has been also reported due to acid 
functionalization of nanotubes [24] and surface plasma treatment [19].  
In this paper, we study the field emission properties of 120 µm thick buckypaper obtained by pressing 
aligned CNTs whose original length was up to 200 µm. The temperature dependence of the 
buckypaper conductance was measured in the wide temperature range 4.2K – 430K evidencing the 
presence of thermal fluctuation induced tunneling contribution as well as a linear contribution to the 
total conductance. The field emission characteristics are locally measured by using a piezoelectric 
driven metallic probe tip, with curvature radius of about 30 nm, in order to collect electrons emitted 
from areas as small as 1µm2 of the buckypaper. We analyze the turn-on field, the emission current 
intensity and its time stability as well as the possibility to modify the FE current by applying an 
additional planar current in the sample. 
 
Materials and methods 
Sample preparation 
The chemical vapor deposition (CVD) method was used to grow CNTs on a quartz wafer in a two-
step process consisting of a catalyst preparation followed by the actual synthesis of the CNTs. The 
quartz wafer cut into appropriate size was first heated in a furnace at 500 °C for about 10 minutes. It 
was then cooled down to the room temperature and dipped in catalyst. The catalyst was basically a 
solution of ethanol and Fe-Mo in mole ratio of 10:1. The quartz substrate thus dipped in catalyst was 
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then placed in a quartz tube in a tube furnace. The deposited Fe catalyst was then reduced at 800 °C 
by passing hydrogen and argon gas. Finally, the substrate was subjected to source of carbon by 
passing ethylene gas which caused the decomposition of carbon and resulted in the synthesis of CNTs. 
We managed to grow aligned CNTs with length ranging from several micrometers to about 200 µm 
with a narrow diameter distribution around 10 nm. Scanning electron microscope (SEM) micrographs 
are reported in Figure 1.  Raman spectroscopy was performed by means of Renishaw Lab 
spectrometer, equipped with a laser excitation of 785 nm (1.58 eV excitation, 30s collection time). 
Measured spectra show that the obtained aligned CNTs are a mixture of single and multiwalled carbon 
nanotubes (Figure 1b). Subsequent steps were carried out to press the sample between two parallel 
plates to make the film denser and to separate it from the substrate in the form of buckypaper of about 
120µm thick.  
 
Fig. 1 (a) SEM images of aligned carbon nanotubes on quartz substrate. Inset: image with reduced 
magnification to evidence the alignment over large area. (b) Raman spectrum of vertically aligned 
CNTs with peak at 200 cm-1 corresponding to RBM of single walled CNTs. (c) SEM image of the 
surface of as pressed 120 µm thick CNT buckypaper. 
 
Even though our process is focused on making 100% multi-walled carbon nanotubes (MWCNTs) it 
produced a mixture of single-walled carbon nanotubes (SWCNTs) as well. This is shown by the 200 
cm-1 peak in the Raman spectrum reported in figure 1b. This peak corresponds to the Radial Breathing 
Mode (RBM), which is usually located between 75 and 300 cm-1 [25]. The D mode (located between 
1330-1360 cm-1) and the G mode, which corresponds to the stretching mode in the graphite plane, are 
typical of good quality MWCNTs [26]. 
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Results and discussion 
Electrical characterization 
A standard four-probe method was applied to perform the electrical characterization of the produced 
samples by means of Janis ST-500 Cryogenic probe station working in the temperature range from 
4.2 K to 450 K and in vacuum (pressure range from 10-6 mbar to ambient atmosphere). A 
Semiconductor Parameter Analyzer (Keithley 4200-SCS) with four source-measurement units was 
connected to the probe station via triaxial cabling to perform current biased measurements, while 
controlling/monitoring the sample temperature.  
         
 
Fig. 2 (a) Resistance vs Temperature for a MWCNT buckypaper measured in the temperature range 
from 4.2 K to 300 K. Solid line (black) is the best fit by fluctuation induced tunneling model for data 
in the range 20 K to 300 K. Inset: the whole set of data is plotted as G=1/R and is fitted by adding to 
the model a linear term G1*T; Solid (green) line represents the best fit. (b) Resistance vs Temperature 
for another MWCNT buckypaper measured in the temperature range from 100 K to 430 K. Solid line 
(green) is the best fit by fluctuation induced tunneling model. (c) Current-Voltage characteristics 
measured at room temperature and at 4.2 K. 
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We measured the temperature dependence of the resistance R(T) for several samples (randomly cut 
from the same source sample) and we observed a negative temperature coefficient of the resistance 
(dR/dT<0) in the whole temperature range (4.2 K to 300 K in figure 2a and 100 K to 430 K in figure 
2b). Measurements were performed by forcing a low constant current (0.5 mA) to prevent sample 
self-heating. For MWCNT bundles [27,28] or film [29] the temperature dependence of resistivity 
usually remains non metallic, dR/dT<0, for the whole temperature range. A crossover temperature 
from metallic to non metallic has been reported in MWCNT buckypaper [30]. Differently, for 
SWCNTs a crossover temperature has been often observed with values varying from 35 K for a single 
well-ordered rope to 250 K for a rope with tangled regions [31]. It appears difficult to establish a 
consistent scenario for the MWCNTs also considering that below 20 K, both sharp increases in 
resistivity [27,32] and plateaus [28,33] have been reported for bundles and individual tubes.  
From a theoretical viewpoint, for homogeneous disordered systems, the non metallic temperature 
dependence of the conductivity is explained in terms of variable range hopping (VRH) conduction 
[34], with 𝜎(𝑇) = 𝜎0 ∙ 𝑒𝑥𝑝 [− (
𝑇0
𝑇
)
1
1+𝑑
] where d is the dimension of the system. Alternatively, 
according to the thermal fluctuation induced tunneling (FIT) model [35], the conductivity is 𝜎(𝑇) =
𝜎0 ∙ 𝑒𝑥𝑝 [−
𝑇1
𝑇+𝑇0
] where σ0 is the conductance at room temperature, T1 denotes the temperature below 
which the conduction is dominated by the charge carrier tunneling through the barrier and T0 the 
temperature above which the thermally activated conduction over the barrier begins to occur. FIT 
model has been developed for disordered heterogeneous systems such as conductor/insulator 
composites, granular metals, and disordered semiconductors, characterized by large conductive 
filaments interconnected via small insulating gaps. Due to small sizes of tunnel junction, thermal 
voltage fluctuation influences the electron tunneling probability through the barrier. 
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Electronic transport characterization measurements have sometimes shown that both VHR and FIT 
can give both reasonable fits; in real situations, it can be difficult to determine the dominant 
mechanism responsible for the observed electrical conduction. 
By fitting the experimental data reported in figure 2a, we found out that the best fit over the largest 
temperature range (𝑇 ≥ 20 𝐾) is obtained by the FIT model. For our system, the tunneling barriers 
originate from the inter-tubular contacts and the buckypaper can be considered a heterogeneously 
disordered system. For this reason, the FIT was used for describing the temperature dependence of 
conductivity of SWCNTs fibers [36] and networks [37] as well as for MWCNTs [38]. 
However, when considering our experimental data in the whole interval from 4.2 K to 300 K, neither 
FIT nor VRH are able to reproduce the complete behavior.   
To explain temperature dependence measured down to 4.2 K on CNT mats [39,40] a further negative 
linear term has been sometimes introduced [41]. A linear conductance has also been observed in gas-
desorbed CVD-grown MWCNTs at high temperature and it has been explained using a thermal 
activation picture of conduction channels. Moreover, such a linear dependence could imply a very 
short mean free path due to large number of defects [42]. Hence, to observe such a linear dependence, 
“dirty” MWCNTs with mean free path of few nanometers are necessary. Larger values up to two 
order of magnitude more can be obtained in “clean” MWCNTs, characterized by limited numbers of 
defect scatterers [43-45]. 
By considering a further linear contribution, we can express the total conductance as 𝐺(𝑇) = 𝐺0 ∙
𝑒𝑥𝑝 [−
𝑇1
𝑇+𝑇0
] + 𝐺1𝑇 obtaining a perfect fit of the experimental data in the whole temperature range 
from 4.2 K to 300 K (inset of figure 2a). 
The fitting parameters T1 and T0 are defined as: 
𝑇1 =  
16 𝜀0ħ𝐴𝑉0
3/2
𝜋 𝑒2𝑘𝐵(2𝑚𝑒)2 𝑤2
 
 
𝑇0 =  
8 𝜀0𝐴𝑉0
2
 𝑒2𝑘𝐵𝑤
 
8 
 
where ε0 is the vacuum permittivity, ħ the reduced Planck constant, A the junction area, V0 the height 
of the barrier, 𝑤 the width of the tunnel junction, 𝑒 the electronic charge, 𝑚𝑒 the electron mass, 𝑘𝐵 
the Boltzmann constant. The linear correction to the total conductance is not used to fit the 
experimental data measured in the range (100 K – 430 K) for another sample (figure 2b). By assuming 
a junction area Ad2 with d10 nm the average MWCNT diameter, from the fitting parameters, we 
can estimate a junction width 𝑤 3.0 nm and V0  24 meV. V0 is the tunnel barrier that electrons 
have to overcome to move from one nanotube to another one and the tunnel probability depends on 
it as well as on the local density of states of each side of the junction. The effective barrier height 
depends on the bias current and on the temperature [46,47]. Small V0 values have been reported when, 
at low temperatures, current bias above 100µA are applied [48]. 
We also measured the current-voltage characteristics at different temperatures. For both samples, we 
always found a linear ohmic dependence, except for low temperatures. We report in figure 2c the 
curve measured at low temperature (4.2 K) for the first sample, and it is compared to the room 
temperature characteristic.  Such non-ohmic behavior of the I-V characteristic has been observed at 
low temperature in SWCNT network [37,49,50] and explained by developing an electrical model that 
considers series-parallel connections of junctions existing in the CNT bundles [50]. 
 
Field emission properties 
To study field emission properties we connected the Keithley 4200-SCS to a nanoprobe system 
manufactured by Kleindeik Company (nanomanipulators MM3A), with two piezoelectric driven 
arms, installed inside a Zeiss LEO 1430 SEM, allowing electrical measurements in-situ (pressure 
10-6 mbar) by means of nanometric metallic probes (tungsten tips with 30 nm curvature radius). 
In figure 3a we show the current-voltage characteristic of the buckypaper, measured by landing the 
two nanoprobes on macroscopic silver paint pads to favor very stable and low resistance contacts. 
This curve is compared to the case in which one contact is realized by pressing the metallic tip directly 
on the buckypaper.  The experimental data confirm that silver paint is useful to reduce the contact 
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resistance. This is not relevant for four-contacts measurements (as for temperature dependence 
measurements of the resistance previously reported) but it is important for the two terminal 
measurements, discussed in this section.  
 
  
Fig. 3 (a) Two-probe measurement of the Current–Voltage characteristics of the buckypaper inside 
the SEM chamber by means of nanoprobes. Solid circles refer to configuration in which both metallic 
tips contact the sample on silver pads; empty squares refer to the case of one tip in direct contact with 
the buckypaper surface. (b) Schematic of the experimental setup. 
 
The circuit configuration for field emission characterization is easily obtained by retracting one of 
the probes and adjusting its distance d from the buckypaper surface (far from the Ag pad). A 
schematic of the circuit is shown in figure 3b. The piezoelectric control of the probe tips allows fine 
tuning of the cathode (buckypaper)-anode (metallic tip) distance with spatial resolution down to 5 
nm. The use of a metallic tip as collector of the emitted electrons is a well established technique 
[9,10,12] that allows to get local information about the field emission properties, the electrons being 
emitted from a reduced area (of the order of 1µm2) with respect the standard parallel plate setup 
(generally probing areas up to several mm2).  
To perform field emission characterization, current–voltage characteristics are measured by sweeping 
the voltage bias from 0 V to 120 V. Larger bias was not applied to prevent damages to the 
nanomanipulator circuitry. The emitted current was measured with an accuracy better than 0.1 pA.  
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All the field emission measurements were performed in a high vacuum (< 10-6 mbar) at room 
temperature.  
  
Fig. 4 (a) FE current vs Voltage bias characteristics measured at a tip-sample distance of 400 nm. 
Two successive sweeps are compared. Inset: FN-plot for the second sweep and its linear fitting. (b) 
FE curves measured for different values of the tip-sample distance d. Dashed line represents the 
current values considered for the evaluation of the turn-on field. Inset: Values of the turn-on field vs 
distance, evaluated for each curve of figure 3b. (c) Time stability of the FE current intensity, at fixed 
bias 90 V. Inset: histogram of the measured values with a rate of 1point each 12 seconds. (d) 
Comparison of the FE curves measured before and after the stability test. The gray band identifies 
the region in which the two curves are different. 
 
In figure 4a we report two successively measured FE current-voltage characteristics, in the voltage 
bias range from 0 V to 120 V. As standard procedure, we typically perform at least two successive 
sweeps in order to verify the repeatability of the measurement that gives information about the 
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robustness of the device against the electrical stress induced modifications. The experimental data of 
figure 4a show a current starting to flow around 50 V and exponentially growing for about eight order 
of magnitudes (up to several µA) from the setup floor noise of about 10-13 A. To confirm the FE 
nature of the measured current, we analyze the data according to the Fowler-Nordheim (FN) theory 
[51], which expresses the emitted current as  
𝐼 = 𝑎
𝐸𝑆
2
𝜑
𝑆 ∙ 𝑒𝑥𝑝 (−𝑏
𝜑3/2
𝐸𝑠
) 
where 𝜑 is the work function of the CNTs, 𝑆 is the emitting area,  𝑎 = 1.54 ∙ 10−6 AV-2eV and 𝑏 =
6.83x107 Vcm-1eV-3/2 are constants, and 𝐸𝑠 is the applied electric field that depends on the emitter 
geometry trough the field enhancement factor  as 𝐸𝑠 = 𝛽𝑉/𝑑, V being the applied bias voltage. 
The factor  represents the ratio between the local electric field on the sample surface and the applied 
field. According to FN-theory, for FE device we expect a linear relation in the so-called FN-plot, 
ln(I/V2) versus 1/V, whose slope m = k𝑒𝑓𝑓𝑏𝜑
3/2𝑑/β, can used to estimate . In the last expression, 
the tip correction factor k𝑒𝑓𝑓 takes into account the shape of the collector electrode [10,52]. The inset 
of figure 4a shows the FN-plot for the second sweep reported in the figure. The clear linear 
dependence demonstrate the FE nature of the recorded current. From the linear fitting we extract the 
field enhancement factor ≈30 by considering k𝑒𝑓𝑓 ≈ 1.6 [10]. Consequently the turn-on field (ETurn-
ON , here defined as the applied field necessary to extract a current of 10
-11 A) can be evaluated as 
ETurn-ON = 140V/µm, a value significantly lower or comparable to what has been observed for other 
structures, such as aligned MWCNTs [10], graphene flakes [53] or nanoparticles [54]. 
In figure 4b we report other FE current versus bias voltage characteristics measured for different 
values of the tip-sample distance 𝑑. As expected, increasing the distance, 𝑑 =550 nm, the FE starts 
at higher applied voltages (65V), while for reduced distance, 𝑑 =250 nm, the FE starts at lower 
applied voltages (40V). The inset of figure 4b shows the values of the turn-on field evaluated for 
each distance. We notice that for 𝑑 =250 nm the FE characteristics follow the usual exponential 
growth up to a voltage of about 60 V. Above this voltage, the current is strongly limited despite the 
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increasing bias voltage. This is probably caused by the presence of a series resistance in the circuit 
causing a significant voltage drop that reduces the applied field when a significant current is flowing.  
To study the FE current stability we used the configuration with 𝑑 = 550 nm and applied constant 
voltage bias of 90 V for measuring the FE current intensity versus time. The result is shown in figure 
4c. The current has been monitored for more than 12 hours (at a rate of 1 point each 12 seconds) 
without significant degradation with respect the average value of 0.14 µA, demonstrating the high 
stability of the buckypaper with respect the long duration current emission. After the stability 
experiment, we repeated the complete voltage sweep (from 0 V to 120 V) to compare (see figure 4d) 
the FE characteristics before and after the continuous operation of the device for more than twelve 
hours.  The curve measured after the current annealing was not affected by the long term emission 
almost in all the bias range. Only near the turn-on bias we observe a peak indicating an anticipated 
switch on of the emission process probably due to a light morphological modification, such as an 
elongated CNT out from the buckypaper, induced by the long exposition at high bias during the 
stability test. However, the high current density may burn it restoring the previous conditions. This 
demonstrates also the robustness and stability of buckypapers against local modifications during its 
operation, also better than the case of aligned CNTs, grown on Si wafer. Indeed, for aligned 
nanotubes, a more pronounced instability is due to the protrusion of tubes of different lengths, 
allowing higher current but provoking several modifications due to burning of single tubes. This is 
the reason why with aligned CNTs it is often necessary to perform longer electrical annealing to 
stabilize the emission [9-10].  
According to the theoretical prediction [55] for graphene based field effect transistors [56-60], in 
presence of a wedge tip, enhanced local electrical field can sensibly increase the probability of 
electron field emission from graphene towards top gate depending on the channel current. 
Experimentally, a possible effect of channel current on graphene field emission [55,61] has been also 
reported. For this reason, we tested the possibility to tune the emitted current from the buckypaper by 
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applying an in-plane current in the sample. The schematic of the device is reported in the inset of 
figure 5.   
   
Fig. 5 (a) Time stability of the FE current for voltage bias of 85 V. The right axis (red) refers to the 
applied in-plane current. The measurement starts with zero in plane current and is raised up to 100 
µA in three successive steps. Inset: Histogram gives statistic information about the FE current values 
recorded during the measurement. (b) Comparison of FE curves measured with (30 mA) and without 
in-plane current flowing in the buckypaper. Inset: schematic of the circuit to apply in-plane current 
during FE experiment. 
 
We initially forced a current flowing in the buckypaper, along the alignment direction, in the range 0 
– 100 µA by successive raising steps, while monitoring the FE current obtained at fixed bias of 85 V, 
as done for the usual stability experiment. In figure 5a we observe that the FE current remains 
insensible to the steps of the in-plane current. Moreover, we tried to apply higher currents (in the mA 
range) without significant modifications. We also compared the complete FE I-V characteristics 
measured with and without forced in-plane current in order to check if only limited bias regions could 
be affected by the presence of the in-plane current. However, experimental data reported in figure 5b 
show reproducible characteristics that confirm the absence of relevant effects of in-plane current on 
the spectra.  
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Conclusions 
We have fabricated CNT buckypaper using CVD grown aligned MWCNTs and we performed a deep 
experimental characterization of its transport and field emission properties. The temperature 
dependence of the conductance is described within the fluctuation induced tunneling model, but a 
further linear contribution is necessary in order to explain the behavior in the wide temperature range 
from 4.2 K to 430 K. We demonstrate that our buckypapers are extremely stable emitters with emitted 
current almost unaffected after half day operating time, reporting also turn-on fields as low as 
140V/µm at distance below 1µm. We finally tested the possibility of FE tuning by forcing in-plane 
currents up to several mA in the buckypaper. 
 
Compliance with ethical standards 
Conflict of interest. The authors declare that they have no conflict of interest. 
 
 
 
References 
[1]  Iijima S (1991) Helical microtubules of graphitic carbon. Nature 354:56–58. doi: 
10.1038/354056a0 
[2]  Saito Y, Uemura S (2000) Field emission from carbon nanotubes and its application to 
electron sources. Carbon 38:169–182. doi: 10.1016/S0008-6223(99)00139-6 
[3]  Wang QH, Yan M, Chang RPH (2001) Flat panel display prototype using gated carbon 
nanotube field emitters. Applied Physics Letters 78:1294. doi: 10.1063/1.1351847 
[4]  Zhang J, Yang G, Cheng Y, Gao B, Qiu Q, Lee YZ, Lu JP, Zhou O (2005) Stationary scanning 
x-ray source based on carbon nanotube field emitters. Applied Physics Letters 86:184104. doi: 
10.1063/1.1923750 
[5]  Liu Z, Yang G, Lee YZ, Bordelon D, Lu J, Zhou O (2006) Carbon nanotube based microfocus 
field emission x-ray source for microcomputed tomography. Applied Physics Letters 
89:103111. doi: 10.1063/1.2345829 
[6]  Teo KBK, Minoux E, Hudanski L, Peauger F, Schnell J-P, Gangloff L, Legagneux P, 
Dieumegard D, Amaratunga GAJ, Milne WI (2005) Microwave devices: Carbon nanotubes as 
cold cathodes. Nature 437:968–968. doi: 10.1038/437968a 
15 
 
[7]  Kim D, Bourée J-E, Kim SY (2009) Calculation of the field enhancement for a nanotube array 
and its emission properties. Journal of Applied Physics 105:84315. doi: 10.1063/1.3091282 
[8]  Shahi M, Gautam S, Shah PV, Jha P, Kumar P, Rawat JS, Chaudhury PK, Tandon RP (2013) 
Effect of purity, edge length, and growth area on field emission of multi-walled carbon 
nanotube emitter arrays. Journal of Applied Physics 113:204304. doi: 10.1063/1.4807916 
[9]  Giubileo F, Di Bartolomeo A, Scarfato A, Iemmo L, Bobba F, Passacantando M, Santucci S, 
Cucolo AM (2009) Local probing of the field emission stability of vertically aligned multi-
walled carbon nanotubes. Carbon 47:1074–1080. doi: 10.1016/j.carbon.2008.12.035 
[10]  Di Bartolomeo A, Scarfato A, Giubileo F, Bobba F, Biasiucci M, Cucolo AM, Santucci S, 
Passacantando M (2007) A local field emission study of partially aligned carbon-nanotubes by 
atomic force microscope probe. Carbon 45:2957–2971. doi: 10.1016/j.carbon.2007.09.049 
[11]  Liu H, Shi Y, Chen B, Li X, Ding Y, Lu B (2012) Effect of patterned and aligned carbon 
nanotubes on field emission properties. Vacuum 86:933–937. doi: 
10.1016/j.vacuum.2011.07.047 
[12]  Giubileo F, Di Bartolomeo A, Sarno M, Altavilla C, Santandrea S, Ciambelli P, Cucolo AM 
(2012) Field emission properties of as-grown multiwalled carbon nanotube films. Carbon 
50:163–169. doi: 10.1016/j.carbon.2011.08.015 
[13]  Chen Y, Miao H-Y, Lin RJ, Zhang M, Liang R, Zhang C, Wang B (2010) Emitter spacing 
effects on field emission properties of laser-treated single-walled carbon nanotube 
buckypapers. Nanotechnology 21:495702. doi: 10.1088/0957-4484/21/49/495702 
[14]  Rai P, Mohapatra DR, Hazra KS, Misra DS, Tiwari SP (2008) Nanotip formation on a carbon 
nanotube pillar array for field emission application. Applied Physics Letters 93:131921. doi: 
10.1063/1.2996283 
[15]  Weng T-W, Lai Y-H, Lee K-Y (2008) Area effect of patterned carbon nanotube bundle on 
field electron emission characteristics. Applied Surface Science 254:7755–7758. doi: 
10.1016/j.apsusc.2008.02.020 
[16]  Seelaboyina R, Boddepalli S, Noh K, Jeon M, Choi W (2008) Enhanced field emission from 
aligned multistage carbon nanotube emitter arrays. Nanotechnology 19:65605. doi: 
10.1088/0957-4484/19/6/065605 
[17]  Fischer JE, Zhou W, Vavro J, Llaguno MC, Guthy C, Haggenmueller R, Casavant MJ, 
Walters DE, Smalley RE (2003) Magnetically aligned single wall carbon nanotube films: 
Preferred orientation and anisotropic transport properties. Journal of Applied Physics 93:2157. 
doi: 10.1063/1.1536733 
[18]  Knapp W, Schleussner D (2003) Field-emission characteristics of carbon buckypaper. Journal 
of Vacuum Science & Technology B: Microelectronics and Nanometer Structures 21:557. doi: 
10.1116/1.1527598 
[19]  Roy S, Bajpai R, Soin N, Bajpai P, Hazra KS, Kulshrestha N, Roy SS, McLaughlin JA, Misra 
DS (2011) Enhanced Field Emission and Improved Supercapacitor Obtained from Plasma-
Modified Bucky Paper. Small 7:688–693. doi: 10.1002/smll.201002330 
[20]  Kaempgen M, Chan CK, Ma J, Cui Y, Gruner G (2009) Printable Thin Film Supercapacitors 
Using Single-Walled Carbon Nanotubes. Nano Letters 9:1872–1876. doi: 10.1021/nl8038579 
16 
 
[21]  Bonanni A, Esplandiu MJ, del Valle M (2009) Impedimetric genosensors employing COOH-
modified carbon nanotube screen-printed electrodes. Biosensors and Bioelectronics 24:2885–
2891. doi: 10.1016/j.bios.2009.02.023 
[22]  Behabtu N, Green M, Pasquali M (2008) Carbon nanotube-based neat fibers. Nano Today 
3:24–34. doi: 10.1016/S1748-0132(08)70062-8 
[23]  Baughman RH (1999) Carbon Nanotube Actuators. Science 284:1340–1344. doi: 
10.1126/science.284.5418.1340 
[24]  Kakade BA, Pillai VK, Late DJ, Chavan PG, Sheini FJ, More MA, Joag DS (2010) High 
current density, low threshold field emission from functionalized carbon nanotube bucky 
paper. Applied Physics Letters 97:73102. doi: 10.1063/1.3479049 
[25]  Passacantando M, Grossi V, Santucci S (2012) High photocurrent from planar strips of vertical 
and horizontal aligned multi wall carbon nanotubes. Applied Physics Letters 100:163119. doi: 
10.1063/1.4704569 
[26] Heise H M, KucKUK R, Ojha A K, Srivastava A, Srivastava V, Asthana B (2008) 
Characterization of carbonaceous materials using Raman spectroscopy: a comparison of 
carbon nanotube filters, single- and multi-walled nanotubes, graphitised porous carbon and 
graphite. Journal of Raman Spectroscopy 40:344. doi:  10.1002/jrs.2120 
[27]  Song SN, Wang XK, Chang RPH, Ketterson JB (1994) Electronic properties of graphite 
nanotubules from galvanomagnetic effects. Physical Review Letters 72:697–700. doi: 
10.1103/PhysRevLett.72.697 
[28]  Langer L, Stockman L, Heremans JP, Bayot V, Olk CH, Van Haesendonck C, Bruynseraede 
Y, Issi J-P (1994) Electrical resistance of a carbon nanotube bundle. Journal of Materials 
Research 9:927–932. doi: 10.1557/JMR.1994.0927 
[29]  deHeer WA, Bacsa WS, Chatelain A, Gerfin T, Humphrey-Baker R, Forro L, Ugarte D (1995) 
Aligned Carbon Nanotube Films: Production and Optical and Electronic Properties. Science 
268:845–847. doi: 10.1126/science.268.5212.845 
[30]  Di Bartolomeo A, Sarno M, Giubileo F, Altavilla C, Iemmo L, Piano S, Bobba F, Longobardi 
M, Scarfato A, Sannino D, Cucolo AM, Ciambelli P (2009) Multiwalled carbon nanotube 
films as small-sized temperature sensors. Journal of Applied Physics 105:64518. doi: 
10.1063/1.3093680 
[31]  Fischer JE, Dai H, Thess A, Lee R, Hanjani NM, Dehaas DL, Smalley RE (1997) Metallic 
resistivity in crystalline ropes of single-wall carbon nanotubes. Physical Review B 55:R4921–
R4924. doi: 10.1103/PhysRevB.55.R4921 
[32]  Langer L, Bayot V, Grivei E, Issi J-P, Heremans JP, Olk CH, Stockman L, Van Haesendonck 
C, Bruynseraede Y (1996) Quantum Transport in a Multiwalled Carbon Nanotube. Physical 
Review Letters 76:479–482. doi: 10.1103/PhysRevLett.76.479 
[33]  Kasumov AY, Khodos II, Ajayan PM, Colliex C (1996) Electrical resistance of a single 
carbon nanotube. Europhysics Letters (EPL) 34:429–434. doi: 10.1209/epl/i1996-00474-0 
[34]  Mott NF (1967) Electrons in disordered structures. Advances in Physics 16:49–144. doi: 
10.1080/00018736700101265 
17 
 
[35]  Sheng P (1980) Fluctuation-induced tunneling conduction in disordered materials. Physical 
Review B 21:2180–2195. doi: 10.1103/PhysRevB.21.2180 
[36]  Zhou W (2004) Single wall carbon nanotube fibers extruded from super-acid suspensions: 
Preferred orientation, electrical, and thermal transport. Journal of Applied Physics 95:649. doi: 
10.1063/1.1627457 
[37]  Kim GT, Jhang SH, Park JG, Park YW, Roth S (2001) Non-ohmic current–voltage 
characteristics in single-wall carbon nanotube network. Synthetic Metals 117:123–126. doi: 
10.1016/S0379-6779(00)00551-8 
[38] Simsek Y, Ozyuzer L, Seyhan A T, Tanoglu M, Schulte K (2007)  Temperature dependence of 
electrical conductivity in double-wall and multi-wall carbon nanotube/polyester 
nanocomposites. Journal of Materials Science 42:9689. doi:10.1007/s10853-007-1943-9 
[39]  Grigorian L, Williams KA, Fang S, Sumanasekera GU, Loper AL, Dickey EC, Pennycook SJ, 
Eklund PC (1998) Reversible Intercalation of Charged Iodine Chains into Carbon Nanotube 
Ropes. Physical Review Letters 80:5560–5563. doi: 10.1103/PhysRevLett.80.5560 
[40]  Kaiser B, Park YW, Kim GT, Choi ES, Düsberg G, Roth S (1999) Electronic transport in 
carbon nanotube ropes and mats. Synthetic Metals 103:2547–2550. doi: 10.1016/S0379-
6779(98)00222-7 
[41]  Ebbesen TW, Lezec HJ, Hiura H, Bennett JW, Ghaemi HF, Thio T (1996) Electrical 
conductivity of individual carbon nanotubes. Nature 382:54–56. doi: 10.1038/382054a0 
[42]  Zhou F, Lu L, Zhang DL, Pan ZW, Xie SS (2004) Linear conductance of multiwalled carbon 
nanotubes at high temperatures. Solid State Communications 129:407–410. doi: 
10.1016/j.ssc.2003.09.040 
[43]  Liu K, Avouris P, Martel R, Hsu WK (2001) Electrical transport in doped multiwalled carbon 
nanotubes. Physical Review B. doi: 10.1103/PhysRevB.63.161404 
[44]  Buitelaar MR, Bachtold A, Nussbaumer T, Iqbal M, Schönenberger C (2002) Multiwall 
Carbon Nanotubes as Quantum Dots. Physical Review Letters. doi: 
10.1103/PhysRevLett.88.156801 
[45]  Kim J, Kim J-R, Lee J-O, Park JW, So HM, Kim N, Kang K, Yoo K-H, Kim J-J (2003) Fano 
Resonance in Crossed Carbon Nanotubes. Physical Review Letters. doi: 
10.1103/PhysRevLett.90.166403 
[46]  Gao B, Glattli DC, Plaçais B, Bachtold A (2006) Cotunneling and one-dimensional 
localization in individual disordered single-wall carbon nanotubes: Temperature dependence 
of the intrinsic resistance. Physical Review B. doi: 10.1103/PhysRevB.74.085410 
[47]  Zeldov E, Amer NM, Koren G, Gupta A, McElfresh MW, Gambino RJ (1990) Flux creep 
characteristics in high-temperature superconductors. Applied Physics Letters 56:680. doi: 
10.1063/1.103310 
[48]  Salvato M, Cirillo M, Lucci M, Orlanducci S, Ottaviani I, Terranova ML, Toschi F (2008) 
Charge Transport and Tunneling in Single-Walled Carbon Nanotube Bundles. Physical 
Review Letters. doi: 10.1103/PhysRevLett.101.246804 
[49]  Ksenevich VK, Odzaev VB, Martunas Z, Seliuta D, Valusis G, Galibert J, Melnikov AA, 
18 
 
Wieck AD, Novitski D, Kozlov ME, Samuilov VA (2008) Localization and nonlinear 
transport in single walled carbon nanotube fibers. Journal of Applied Physics 104:73724. doi: 
10.1063/1.2996036 
[50]  Salvato M, Cirillo M, Lucci M, Orlanducci S, Ottaviani I, Terranova ML, Toschi F (2012) 
Macroscopic effects of tunnelling barriers in aggregates of carbon nanotube bundles. Journal 
of Physics D: Applied Physics 45:105306. doi: 10.1088/0022-3727/45/10/105306 
[51]  Fowler RH, Nordheim L (1928) Electron Emission in Intense Electric Fields. Proceedings of 
the Royal Society A: Mathematical, Physical and Engineering Sciences 119:173–181. doi: 
10.1098/rspa.1928.0091 
[52]  Passacantando M, Bussolotti F, Santucci S, Di Bartolomeo A, Giubileo F, Iemmo L, Cucolo 
AM (2008) Field emission from a selected multiwall carbon nanotube. Nanotechnology 
19:395701. doi: 10.1088/0957-4484/19/39/395701 
[53] Santandrea S, Giubileo F, Grossi V, Santucci S, Passacantando M,Schroeder T, Lupina G, Di 
Bartolomeo A (2011) Field emission from single and few-layer graphene flakes. Applied 
Physics Letters 98:163109. doi: 10.1063/1.3579533 
[54] Di Bartolomeo A, Passacantando M, Niu G, Schlykow V, Lupina G, Giubileo F, Schroeder T 
(2016) Observation of field emission from GeSn nanoparticles epitaxially grown on silicon 
nanopillar arrays. Nanotechnology 27:485707. doi: 10.1088/0957-4484/27/48/485707 
[55]  Cao G, Liu W, Cao M, Li X, Zhang A, Wang X, Chen B (2016) Improve the transconductance 
of a graphene field-effect transistor by folding graphene into a wedge. Journal of Physics D: 
Applied Physics 49:275108. doi: 10.1088/0022-3727/49/27/275108 
[56]  Di Bartolomeo A, Giubileo F, Iemmo L, Romeo F, Russo S, Unal S, Passacantando M, Grossi 
V, Cucolo AM (2016) Leakage and field emission in side-gate graphene field effect 
transistors. Applied Physics Letters 109:23510. doi: 10.1063/1.4958618 
[57] Di Bartolomeo A, Giubileo F, Romeo F, Sabatino P, Carapella G, Iemmo L, Schroeder T, 
Lupina G (2015) Graphene field effect transistors with niobium contacts and asymmetric 
transfer characteristics. Nanotechnology 26:475202. doi: 10.1088/0957-4484/26/47/475202 
[58]  Di Bartolomeo A, Santandrea S, Giubileo F, Romeo F, Petrosino M, Citro R, Barbara P, 
Lupina G, Schroeder T, Rubino A (2013) Effect of back-gate on contact resistance and on 
channel conductance in graphene-based field-effect transistors. Diamond and Related 
Materials 38:19–23. doi: 10.1016/j.diamond.2013.06.002 
[59]  Di Bartolomeo A, Giubileo F, Santandrea S, Romeo F, Citro R, Schroeder T, Lupina G (2011) 
Charge transfer and partial pinning at the contacts as the origin of a double dip in the transfer 
characteristics of graphene-based field-effect transistors. Nanotechnology 22:275702. doi: 
10.1088/0957-4484/22/27/275702 
[60]  Schwierz F (2010) Graphene transistors. Nature Nanotechnology 5:487–496. doi: 
10.1038/nnano.2010.89 
[61]  Wenger C, Kitzmann J, Wolff A, Fraschke M, Walczyk C, Lupina G, Mehr W, Junige M, 
Albert M, Bartha JW (2015) Graphene based electron field emitter. Journal of Vacuum 
Science & Technology B, Nanotechnology and Microelectronics: Materials, Processing, 
Measurement, and Phenomena 33:01A109. doi: 10.1116/1.4905937  
